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A series of symmetrical phthalate, isophthalate, and terephthalate ester molecular anions were
reacted with oxygen in the collision cell of a triple quadrupole mass spectrometer to produce
characteristic [M 2 R]2 fragments that can be used to identify these compounds. The [M 2
R]2/M2z intensity ratios decreased for homologous esters in the following order: phthalates .
isophthalates .. terephthalates. Based on the [M 2 R]2 ion intensities for different alkyl
substituents, on 18O2 labeling experiments, and on the reactivity of bis(t-butylcyclo-
hexyl)phthalates, it was concluded that M 2 R anions are generated through an SN2
nucleophilic displacement at the alpha carbon of the saturated alkyl substituent. For the
phenyl ester, the reaction proceeds through attack at the carbonyl carbon. (J Am Soc Mass
Spectrom 1999, 10, 1248–1252) © 1999 American Society for Mass Spectrometry
Phthalate esters are suspected endocrine disrupt-ers. These contaminants are often analyzed by gaschromatography/mass spectrometry (GC/MS),
but their electron ionization (EI) mass spectra are rela-
tively similar and, independently of their alkyl substi-
tution, their molecular ions are very weak or absent.
Their EI spectra are also very similar to those of the
corresponding iso- and terephthalates. The GC reten-
tion times of these benzenedicarboxylic esters are also
very similar from one class to another, thus making
their identification by GC alone very difficult.
Stemmler et al. [1] reported that under negative ion
chemical ionization (NICI) using an argon/oxygen mix-
ture as moderator gas, phthalate and isophthalate esters
generate intense M 2 R fragments while this reaction
was much less efficient for terephthalates. These ions
were attributed to a nucleophilic attack at the alkyl
alpha carbon of the ester by the superoxide radical (O2
2z)
according to the reaction
M 1 O2
2z3 [M 1 O2]
2z3 [M 2 R]2 1 RO2
z
Many authors have attributed various reactions of
organic analytes with oxygen in NICI to reaction of the
analyte molecular radical anion with oxygen [2–5], on the
basis of the relatively low electron affinity of oxygen.
Although they could not formally rule out this possibility,
Stemmler et al. observed, using Fourier transform ion
cyclotron resonance (FTICR) mass spectrometry that su-
peroxide reacts with phthalates to produce these M 2 R
fragments. Using a variety of substituted phthalates and
with 18O2 labeling experiments, they concluded that M 2
R formation proceeds through an SN2 mechanism.
Analysis of phthalates using argon/oxygen NICI pro-
vided excellent structural information, but was hampered
by a competing side reaction often producing an intense
m/z 148 fragment that mimics severe chromatographic
tailing. This side reaction was attributed to reaction of the
esters with oxygen adsorbed onto the ion source walls, to
produce a neutral compound which undergoes subse-
quent ionization according to the following reaction:
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The objective of the present work is to study the
possibility that the M 2 R fragments could be pro-
duced by the reaction of various benzenedicarboxylic
ester molecular anions with oxygen by performing this
reaction in the collision cell of a triple quadrupole. If
characteristic M 2 R fragments result, this would more
clearly define the conditions and mechanisms of their
formation and overcome the problems generated by
oxygen in the ion source, such as the formation of 148
fragment ions and shortened filament life.
Materials and Methods
The instrument was a VG Quattro II triple quadrupole
operating in NICI mode. The analytes were introduced
as mixtures by gas chromatography using a Fisons 8060
equipped with a 25 m DB-5 column. Source tempera-
ture was 120–130 °C. Experiments were performed in
product ion mode. The molecular anion was selected
for each compound in Q1 and the Q3 scan range was set
to include the ions of interest (M, M 2 R, M 1 O2, and
O2). Experiments were performed in triplicate. The
amounts injected varied between 10 and 100 mg for each
congener. Symmetrical phthalate esters were purchased
from Accustandard (New Haven, CT). Iso- and tereph-
thalate esters were synthesized using the corresponding
diacyl chloride and alcohol. Enriched 18O2 (50%) was
obtained from Cambridge Isotopes Laboratories.
The two t-butylcyclohexanol isomers were obtained
by sodium borohydride reduction of the corresponding
ketone and were separated by preparative thick layer
chromatography. The diaxial and the diequatorial
phthalates were made by reacting phthaloyl dichloride
with the axial and equatorial alcohols. The esters were
isolated by preparative thick layer chromatography,
and their structures confirmed by NMR.
Results and Discussion
Ammonia, argon, and methane were tested as moder-
ator gas in NICI. With all of these gases, important
intensities were observed for the 148 ion for the phtha-
late esters. This was probably due to trace amounts of
oxygen in the source or in the gases. Low background
intensities of O2
2z, ReO3
2, and ReO4
2 were observed,
indicating that oxygen was indeed present in the
source. This oxygen probably originated from source
leaks, as passing argon through an oxygen trap did not
affect the intensity of the 148 ion. Carbon dioxide was
also used as moderator gas, as it was reported to
remove oxygen adsorbed to the ion source walls [6].
However under our conditions, it did not decrease
significantly the intensity of the 148 fragment ion rela-
tive to the molecular anions. The largest molecular ion
intensities and the largest M2z/148 ratios were obtained
with argon, with a source pressure of 5 3 1025 mbar,
which was then used throughout the study. Neverthe-
less, the M2z/148 ratios never exceeded 16% and were
typically less than 1% for the saturated alkyl chain
phthalates.
This differs considerably from the results of
Stemmler et al. who obtained molecular ions much
larger than the 148 ions when using argon as moderator
gas. Such differences can be attributed to differences in
the geometry or tightness of the ion sources between
different types of instruments. This was demonstrated
by Stemmler et al. [7] who compared the spectra of a
variety of organic compounds with various instruments
in NICI using methane as moderator gas. They ob-
served considerable differences in the spectra of dibutyl
phthalate, from one type of instrument to another and
even between instruments of the same model. The
M2z/148 ratios varied notably, and they were consider-
ably larger with the HP instrument than with all the
other machines. Increasing the intensity of the molecu-
lar ions would increase the sensitivity of the method.
This can be achieved by decreasing the volume of the
ion source [8]. Under our conditions, Cl2 ions were also
observed along with a low background of the 148 ion,
despite frequent cleaning of the source.
The intensities of the phthalate and isophthalate
molecular anions were similar, but the terephthalate
molecular anions were two orders of magnitude larger,
for similar amount of material injected. This is probably
due to the much larger electron affinity of terephtha-
lates compared to the other benzenedicarboxylic esters.
For example, methyl terephthalate electron affinity is
0.64 eV, compared to 0.55 eV for the corresponding
phthalate and isophthalate [9].
Collision energy and oxygen collision gas pressure
were optimized to give the largest total ion current
intensities and similar intensities for the [M 2 R]2 and
molecular anions. These conditions were obtained at 2
eV and 7.2 3 1024 mbar. At higher oxygen pressures,
small increases of the [M 2 R]2 ion were observed, but
the molecular ion and the total ion current was reduced.
At 0 and 4 eV collision energies, the total ion current
was considerably smaller than at 2 eV. These conditions
are very similar to those used previously in our labora-
tory for the study of the collision-induced oxygen
addition and dechlorination of chlorobenzenes and
polychlorinated biphenyls [10]. Because of the relatively
small molecular anion intensities, quantification of the
[M 2 R]2 ions was performed in product ion mode.
Prior to this, full scan spectra were acquired showing
that no ions other than the molecular and [M 2 R]2
ions were present, except for the phenyl esters. Quan-
tification of the [M 2 R]2 ions was performed using a
mass scan range that included putative [M 1 O2]
2z
ions, as these ions were observed by Stemmler et al. for
most benzenedicarboxylic esters they studied. For each
compound, a mass range covering the same number of
m/z values was used starting at m/z 30 to quantitate the
O2
2z ion, to allow comparison with the [M 2 R]2 ions.
The absence 148 fragment ions is interesting and sug-
gests that this reaction probably involves neutral mol-
ecules reacting on the ion source walls. When argon
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was used as collision gas under identical conditions
(even up to 6 eV collision energy), none of the ben-
zenedicarboxylic esters tested in this study showed
[M 2 R]2 fragments, which indicates that the forma-
tion of the [M 2 R]2 ions is clearly due to reaction with
oxygen and not to simple collision induced fragmenta-
tion.
Upon reaction with oxygen in the collision cell, only
phthalate and isophthalate esters produced significant
[M 2 R]2/M2z ratios (Table 1). The terephthalates pro-
duced [M 2 R]2 ion intensities that were similar to
those obtained for the phthalates and isophthalates, but
because of the much larger abundances of their molec-
ular ions, their [M 2 R]2/M2z ratios were three orders
of magnitude smaller than most of their phthalate and
isophthalates counterparts. Saturated aliphatic phtha-
lates generated more intense [M 2 R]2 ions than their
isophthalate counterparts. Under these experimental
conditions, the differences in the [M 2 R]2/M2z ratios
for homologous esters is sufficiently large to allow
unambiguous determination of their structure, except
for the methyl, methoxyethyl, and benzyl phthalates
and isophthalates. However, changing the oxygen pres-
sure or the collision energy will alter the [M 2 R]2/M2z
ratio. Although such changes would affect in the similar
way the different homologous esters, it would be im-
portant to carefully control these parameters to avoid
ambiguity in assigning a structure for these compounds.
In order to study the mechanism of the formation of
the [M 2 R]2 ions for saturated alkyl phthalate in
argon/oxygen NICI, Stemmler et al. considered three
possibilities: SN2, E2, or dissociative electron capture.
They concluded that these ions were formed by an SN2
mechanism at the alpha carbon. One of the reasons they
proposed was that steric hindrance at this position
lowered the intensities of the [M 2 R]2 ions. In the
present study, the same phenomenon can be observed
in Table 1, as the [M 2 R]2/M2z ratio is much smaller
for the isopropyl phthalate versus the propyl phthalate,
and in the very low intensity of the [M 2 R]2 ion of
cyclohexyl phthalate compared to all the other satu-
rated alkyl side chain phthalates.
In order to find another, more direct evidence of SN2
substitution mechanism, two symmetrical 4-t-butylcy-
clohexyl phthalates were synthesized with their car-
bon–oxygen ester bonds in axial and equatorial config-
urations. For the diaxial phthalate, nucleophilic
substitution should produce the [M 2 R]2 ions. But for
the diequatorial phthalate, SN2 substitution is more
difficult for equatorial substituent due to steric hin-
drance by the adjacent axial hydrogens, as shown in
Figure 1. Thus, the diequatorial phthalate would be
Table 1. [M 2 R]2/M2z and O2
2z/M2z ratios upon reaction of different symmetrical benzenedicarboxylic ester molecular ions with
oxygen in the collision cell
Substituents
Phthalates Isophthalates Terephthalates (31023)
[M 2 R]2/M2z O2
2z/M2z [M 2 R]2/M2z O2
2z/M2z [M 2 R]2/M2z O2
2z/M2z
Methyl 4.37 0.49 2.56 0.431 4.27 1.46
(0.40)a (0.06) (0.09) (0.045) (0.01) (0.01)
Ethyl 3.74 0.63 0.230 0.063 1.87 1.36
(0.53) (0.11) (0.014) (0.009) (0.06) (0.07)
Isopropyl 2.17 1.09 0.216 0.126 0.893 1.65
(0.12) (0.15) (0.037) (0.032) (0.030) (0.09)
n-Propyl 6.92 0.86 0.918 0.205 0.170 1.33
(0.44) (0.11) (0.113) (0.029) (0.071) (0.20)
n-Butyl 8.26 NDb 1.50 0.188 1.85 ND
(1.61) (0.16) (0.025) (0.13)
Methoxyethyl 3.25 0.12 1.86 0.193 0.607 0.190
(0.13) (0.01) (0.05) (0.018) (0.070) (0.018)
Isopentyl 12.7 0.74 2.80 0.204 1.27 0.636
(0.6) (0.01) (0.39) (0.035) (0.06) (0.214)
Cyclohexyl 0.599 0.00 0.084 0.182 0.25 0.872
(0.192) (0.073) (0.030) (0.01) (0.086)
Phenyl 0.044 0.00 1.04 0.0010 6.05 ND
(0.001) (0.03) (0.0001) (2.97)
Benzyl 12.5 0.04 11.37 0.071 310 1.42
(0.2) (0.01) (2.22) (0.067) (10) (0.01)
aNumber in parentheses is the standard deviation (n 5 3).
bNot detected.
Figure 1. Schematic of a SN2 attack at the cyclohexane carbon
bearing an equatorial or an axial substituant and showing the
steric hindrance by the axial hydrogens for the latter. Only the
relevant hydrogen atoms are indicated.
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expected not to react with O2
2z, and no [M 2 R]2 ions
should be produced.
With the diaxial phthalate, the [M 2 R]2/M2z ratio
was 0.41, comparable to that of dicyclohexylphthalate
(0.599) described in Table 1. For the diequatorial phtha-
late no [M 2 R]2 ions were observed, as expected. This
further strengthens the hypothesis of a nucleophilic
attack of O2
2z on the alpha carbon to account for the
formation of the [M 2 R]2 ions for the saturated ali-
phatic esters.
Figure 2a presents the product ion mass spectra of
the molecular anion of diphenylphthalate upon reaction
with oxygen in the collision cell. In addition to the [M 2
R]2 ion at 241, other ions are observed at 93 and 108.
These ions were also observed by Stemmler et al. and
the mechanism they proposed to account for their
formation is presented in Figure 3. This mechanism
involved an initial nucleophilic attack of O2
2z at the
carbonyl function of benzenedicarboxylic esters, fol-
lowed by rearrangement. They confirmed this mecha-
nism by 18O2 labeling experiments. As described in
Figure 3, the m/z 93 ion should not incorporate any
label, whereas the m/z 108 and 241 ions should contain
one label. This is also what was observed in the present
experiment using 50% enriched 18O2 in the collision cell.
The spectra obtained for this experiment is presented in
Figure 2b. However, in addition to the m/z 241, 108, and
93 ions, other ions at m/z 169, 164, 120, and 109 were also
observed in Figure 2a. In the 18O2 labeling experiment
these latter ions incorporated zero, two, one, and one
label, respectively (Figure 2b). The formation of the m/z
109 ion was postulated (Figure 3), but not observed by
Stemmler et al. The mechanism of formation of the m/z
164 and 120 ions presented in Figure 3 accounts for the
incorporation of two labels in the m/z 164 ion, and of
Figure 2. Product ion mass spectrum of the molecular ion of biphenylphthalate with (a) oxygen and
(b) 50% enriched 18O2 in the collision cell. Ions in the range 100–260 Da are multiplied by 4 and 10,
respectively.
Figure 3. Proposed mechanism for the formation of the m/z 241,
109, 93, and 108 ions according to Stemmler et al. and for the
formation of the m/z 164 and 120 ions observed in the present
study.
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one label in the m/z 122 ion that derives from it. The
most probable structure for the unlabeled m/z 169 ion
would be an even electron diphenyl ether anion
[C12H9O]
2. The molecular anions of the other ben-
zenedicarboxylic esters, including the benzyl esters,
were also collided with labeled oxygen, and no [M 2
R]2 ion was labeled. This also is in agreement with the
proposed mechanism of SN2 displacement at the alpha
carbon.
The similarity of our results with those of Stemmler
et al. points to a common mechanism, irrespective of
whether the oxygen or the ester is negatively charged.
In the oxygen-collision induced reactions, a [M 1 O2]
2z
intermediate must be involved. Such an intermediate
was observed by Stemmler et al., but in the present
study it was only detected for the methoxyethyl phtha-
late, and with low intensity. The molecular anion of this
specific phthalate was much more abundant than the
other saturated alkyl substituent and this is probably
why it was detected. The [M 1 O2]
2z intermediate
could then undergo either simple dissociation with the
charge being left to any of the two reactants, which
would explain the formation of the m/z 32 ions. It could
also undergo reaction either at the alpha carbon for the
saturated aliphatic substituent, or at the carbonyl ester
for the phenyl esters.
Another mechanism would be charge exchange be-
tween O2 and M
2, to produce O2
2z which would then
react with neutralized M. This mechanism was reported
by Grimsrud et al. [11] for the reaction of p-nitrochlo-
robenzene with oxygen, using a pulsed electron, high
pressure mass spectrometer. In the present work, al-
though O2
2z is also detected simultaneously with [M 2
R]2 ions, this alternative is not likely, as the concentra-
tion of the reactive species in the collision cell would be
too small to contribute significantly to the ion species
found. Charge exchange would also not be a very
energetically favorable reaction, as the electron affinity
of phthalate esters and oxygen are 0.55 (for methyl) and
0.44, respectively.
Conclusion
Reaction of benzenedicarboxylic esters with oxygen in
the collision cell of a triple quadrupole mass spectrom-
eter was performed and shown to occur in a manner
similar to that for argon/oxygen NICI, probably
through a similar SN2 mechanism. This approach is
simple and provides useful structural information that
allows discrimination between homologous esters on
the basis of the mass spectra alone. This approach could
be useful in the routine environmental phthalate anal-
yses, as it does not require oxygen in the ion source or
the use of very expensive FTCIR instrumentation. The
oxygen pressure and collision energy are critical factors
that should be well controlled to obtain reliable results.
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